Measurement of peroxyl-radical trapping capacity (TRAP) were made in plasma from patients with malaria from a rural and an urban Thai community. The results were compared with those from control subjects living in the same areas and chosen to match the patients closely. Measurements were also made of various antioxidants including nutritional indices vitamin C and a-tocopherol and the non-nutritional indices urate and protein-sulphydryl. Parasite counts, temperature on examination and the duration of illness were recorded together with measurements of plasma caeruloplasmin (EC 1 .16.3. l), retinol and malondialdehyde (MDA). In general, most measurements made in the villagers were lower than those in the comparable urban groups. The exceptions were caeruloplasmin and MDA when the latter was expressed as MDA: cholesterol ratio. TRAP values were extremely low in 50% of the villagers and 25 % of the urban patients with malaria and these results correlated with retinol and vitamin C and inversely with malonaldehyde. The results suggested that low TRAP values are associated with lipid peroxidation and that vitamin C and possibly retinol may be destroyed by the oxidative conditions present in the plasma in this disease.
Lipid peroxidation is believed to be intimately involved in the aetiology of a wide range of diseases including cancer (Slater, 1984) , rheumatoid arthritis (Blake et ul. 1989) , coronary heart disease (Gey, 1986) , alcohol abuse (DiLuzio & Kalish, 1966) and the degenerative changes associated with ageing (Harman, 1984) . Malaria was added to this list by Clark et al. (1976) who showed that antibody-independent immune mechanisms play a significant role in protecting the host against acute malarial infections and that mononuclear phagocytes were probably involved in this process. Highly reactive oxygen species (ROS) produced by these phagocytic cells have been shown to kill intra-erythrocytic parasites under both in vivo and in vitro experimental conditions (Clark & Wozencraft et al. 1984) , but it has been suggested that some aspects of severe malaria may result from the exaggerated effects of ROS on host tissues (Clark et ul. 1986; Clark, 1987) .
To prevent oxidative damage, tissues contain widely distributed enzymes to detoxify those intermediates that initiate lipid peroxidation, i.e. superoxide dismutase (EC 1 .15.1. I), glutathione peroxidase (EC 1 .11.1.9) and catalase (EC 1 .11.1.6). However, if peroxidation does take place, there are also a number of substances present in the body that sequester lipid-free radical intermediates of the autocatalytic chain reaction. These chainbreaking substances include several dietary nutrients : a-tocopherol, ascorbate, carotenes, etc., and it seems probable that dietary deficiencies of these nutrients will impair the body's protection against lipid peroxidation.
Plasma is in close contact with all the elements of the host-pathogen interaction in malaria. To examine the influence of this interaction on the host's oxidant defence system, we recently measured the capacity of plasma from patients with malaria to trap peroxyl radicals (Thurnham et a1. 1988~) . This method. known as the TRAP assay, was described by Wayner et al. (1985 Wayner et al. ( , 1987 and measures the combined radical-trapping capacity of atocopherol, ascorbate, urate and protein-sulphydryl groups. Measurements of TRAP in plasma from malaria-infected Nigerian children showed very low to undetectable capacity to block peroxyl radical generation. However, similar results were obtained in children with no malaria but who had other infections, typically upper respiratory chest infections and varying degrees of malnutrition, and no factor emerged as being specifically linked to the low TRAP values.
The present study was set up to examine plasma from malaria patients with different social and nutritional backgrounds. The patients were mainly adults, so the likelihood of other concurrent infections in either patients or controls was less likely than with children. The results suggested that nutritional status may interact with malaria to depress TRAP values. Brief reports of some of these findings have appeared elsewhere (Singkamani et ul. 1988 ; .
Subjects
Blood was taken over 2 weeks from twenty villagers (eleven men, eight women and one male child, age range 6-38 years) who presented with malaria at Maejam District Hospital, an area approximately 120 km South-east of Chiang Mai in Northern Thailand. All patients were from farming families and were infected with Plasnwdiurn fulcipurum. Malaria was diagnosed on the basis of clinical symptoms and a parasite-positlve blood film. Thick blood films were made in the out-patients' clinic and stained with Giemsa. Unfortunately some of the slides were damaged before accurate counts were made and cannot be reported. Blood was taken from sixteen control subjects who were relatives accompanying the patients to hospital: there were eight men, seven women and one male child, age range 7 -34 years. In all cases blood samples were taken at the clinic where the patients attended for treatment. Details on duration of fever were obtained by enquiry.
The second group of malaria patients were twenty men and four women, age range 17-49 years, who presented at the out-patient clinic of the Department of Communicable Diseases, Malaria Control Region 2, Ministry of Public Health, Chiang Mai. This group were predominantly town-dwellers with many different occupations (Government officer, soldier, monks, lorry driver, tour guide, merchants, housewife, manual workers and a hairdresser). Malaria was identified as P. vivax in twelve cases, P. falciparum in ten cases, there was one with a mixed infection and one that could not be identified. Controls for these patients were recruited from university and hospital staff in Chiang Mai (thirteen men, 2 6 4 5 years). Control subjects included gardeners, drivers, auxilliary and laboratory workers with salaries covering the same range as the patients.
We matched the sex ratios and age-ranges of controls against patients as closely as possible for the respective rural and urban groups. Unfortunately, several samples could not be used in the study as the blood was haemolysed, hence the uneven numbers described previously. A few of these additional samples were included for vitamin C measurements of the rural groups, as the samples were stabilized at the time the blood was collected. All control subjects were apparently healthy and, therefore, blood films were not examined for malaria. Ethical approval for these studies was obtained from the Health Sciences Ethical Committee, Chiang Mai University.
Biochemical methods
Blood was collected in sequestrine tubes in both places. After centrifuging, plasma was stored at -20" for 2-3 d (Chiang Mai samples) or 2 weeks (village samples). They were then transported in ice to a -70" freezer and stored for a further 4 weeks. Finally they were brought to England in dry ice, kept at -45" before analysis and all TRAP measurements were made within 4 weeks.
Total radical trapping parameter (TRAP)
The TRAP assay is based on that described by Wayner et al. (1985 Wayner et al. ( , 1987 and we have made only minor modifications . Reagents were obtained from BDH (Poole, Dorset) unles otherwise indicated. The system comprises a water-soluble, thermolabile, free-radical initiator 2,2'-azo-bis-(2-amidinopropane hydrochloride) (ABAP ; Polysciences, Warrington, PA, USA) in phosphate-buffered saline (PBS ; 9 g sodium chloride/l, pH 8) which peroxidizes linoleic acid in a Clarke-type 0, electrode (Model 533 I ; Yellow Springs Instrument Co., Yellow Springs, OH, USA) and is measured by monitoring 0, uptake. In the routine assay, 250p1 serum or plasma were vortexed for 3 W 5 s with 10pl linoleic acid (LA; Sigma, Poole, Dorset; concentration of added LA in plasma approximately 137 mmol/l). Of the mixture 50 pl were added to 3 ml air-saturated PBS in the 0, electrode chamber and the reaction was started by addition of 30 pl 0.4 mol ABAP/I. 0, uptake was monitored for approximately 40 min until the rate of uptake reached its maximum. When approximately 50% of the 0, in the chamber had been utilized, 10 nmol 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (25 pl 0.4 mmol/l, Trolox ; Hoffmann-La Roche, Nutley, NJ, USA) were added to calibrate the system. Addition of serum and Trolox retarded 0, uptake (induction times) until all antioxidant was consumed in quenching peroxyl radicals, and induction times were measured from the recorder trace. The total assay time for a normal serum sample was approximately 90 min. TRAP is defined as pmol peroxyl radicals trapped/l serum or plasma and was calculated from the following equation :
where n is the stoichiometric factor for Trolox, which equals 2 (Wayner et al. 1985 (Wayner et al. , 1987 ; T is induction time, i.e. time taken to achieve maximum 0, uptake following addition of sample or Trolox and measured from the recorder trace; [Trolox] is 10 nmol added in 25 pl.
Stoichiometric factors
In the present study we have used stoichiometric factors of 2, 1.5, 1.7 and 0.2 for atocopherol, ascorbate, urate and protein-sulphydryl respectively (Koottathep, 1988) to calculate theoretical TRAP values from the measured concentrations of the individual components.
Fat-soluble vitamins
Tocopherol, retinol and carotenoids were measured using high-performance liquid chromatography (Thurnham et ul. 19886) . Plasma (0.25 ml) was mixed with 0.25 ml sodium dodecyl sulphate (10 mmol/l) and 0.5 ml ethanol containing internal standard (tocopherol acetate), and extracted into 1.0 ml heptane. After evaporation and reconstitution in 0.25 ml mobile phase (acetonitrile-methanol-chloroform, 47 : 47: 6, by vol.), 25 pl were injected onto a 60 mm, 3 pm ODs-2 cartridge chromatography column (Pharmacia) and separated at 0.5 ml/min. Tocopherol, retinol and carotenes were monitored at 292, 325 and 450 nm respectively using a Millipore-Waters model 490 detector. The readings were quantified using appropriate extinction coefficients with standards obtained from Sigma
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(Poole, Dorset). Minimum detection level for retinol and a-tocopherol was 0.01 pmol/l and for the carotenes 0.001 pmol/l. Coefficients of variation varied from 5 to 10 % (Thurnham et al. 1988b ).
Urate
Urate was measured in metaphosphoric acid extracts of 0.1 ml plasma (Wayner et al. 1985) using a modified procedure set up to measure dehydroascorbate ). An internal standard (3,4-dihydroxybenzylamine hydrobromide; Aldrich Chemicals, Milwaukee, USA) was added during the extraction and 50 ,d samples were injected onto a 250 x 4.6 mm column of 10 pm particles of Lichrosorb-NH, (Technic01 Ltd, Stockport, Cheshire) and eluted at 2.0 ml/min with acetonitrile-sodium dihydrogen phosphate (25 mmol/l) (pH 4.8) mixed in the ratio 78.6: 21.4 (v/v) . Absorbance of urate was measured at 254nm and 0.01 absorption units full scale (Spectromonitor 111; LDC Ltd, Stone, Staffordshire).
Other analyses Protein-sulphydryl. Protein-sulphydryl concentrations were measured usng DTNB reagent at pH 7.4 (Koster et al. 1986 ).
Malondialdehyde (MDA). MDA was measured in 0.2ml plasma (Satoh, 1978) using 1,1,3,3-tetraethoxypropane (Sigma) as standard.
Caeruloplasmin. Caeruloplasmin was measured using Nor-Partigen immunodiffusion plates and appropriate protein standard (Behring-Hoechst UK Ltd, Hounslow, Middlesex).
Cholesterol. Plasma cholesterol was measured enzymically (kit 14138/40; Merck Ltd, Poole, Dorset).
Total ascorbate. Plasma (0.2 ml) from twenty rural patients (twelve men, eight women) and twenty rural control subjects (twelve men, eight women) was stabilized with 0.8 ml trichloroacetic acid (50 g/l) at the time of blood collection. The extracts were transported to the UK with the samples and measured colorimetrically following reaction with 2,4-dinitrophenylhydrazine (Thurnham & Stephen, 1979) .
Statistical inefhods
Non-parametric methods have been used to compare groups unless otherwise stated as the data tended not to be normally distributed.
R E S U L T S
The distribution of TRAP measurements in the four groups of subjects is shown in Fig. 1 and the median and ranges in Table 1 . Median TRAP capacity was significantly lower in the rural malaria patients than all other groups and in this group 50 YO (ten of twenty) had TRAP measurements less than 100pmol/l. In the urban malaria patients, although the median TRAP value was no different from the other groups, 23 YO (five of twenty-two) of these patients had similar low values. There was only one person in the two control groups with such a low TRAP value and he was subsequently found to have an abnormal haemoglobin disease.
In contrast, if the TRAP capacity was calculated from the individual concentrations of a-tocopherol, urate and protein-sulphydryl (TRAP""")), median TRAPCai' values of the different groups (Table 1) were very similar and only the median TRAP'"" result from the urban control group differed significantly from the other three. Within the different groups, there was no difference between TRAP'"" and experimentally determined TRAP values except in the group of rural malaria patients ( P < 0.002, paired t test).
For the individual radical trapping antioxidants, i.e., a-tocopherol, urate and protein- sulphydryl, median values tended to be lowest in the rural malaria patients and slightly higher in the rural controls. Urban malaria patients showed median values very similar to those of the rural controls. The urban controls had the highest median values : significantly different from the two rural groups for all three variables, although only significantly higher than the urban patient group for a-tocopherol. There was no difference in proteinsulphydryl value between the two urban groups. The differences in tocopherol values among the groups completely disappeared when a-tocopherol was expressed as the tocopherol :cholesterol ratio (Table I) .
MDA was measured in the four groups ( Table 2 ). The highest individual values were obtained in the two groups of malaria patients but the only significant difference between the medians of the groups was between the two control groups. When MDA was expressed relative to cholesterol, however, the median ratio in the village patients was significantly higher than that in either control group. The median ratio in the urban patients was slightly higher than that of urban controls but the difference was not significant. The median concentration of the acute-phase protein, caeruloplasmin, was higher in each group of malaria patients than in their respective control groups. The highest median caeruloplasmin value occurred in the rural malaria patients and the lowest in the urban control group. Median cholesterol values were also lower in the patients than in their respective control groups and lower in the villagers.
At the time of measuring TRAP capacity, ascorbate could not be detected in any of the samples. Plasma extracts prepared from the rural blood samples at the time of collection showed significantly lower ascorbate values in the malaria samples than the controls (Table  3 ). In addition, when plasma ascorbate concentrations v. measured TRAP values of the two 
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, ' __--- groups of rural inhabitants were plotted, ascorbate was weakly correlated with measured TRAP in the patients (r 0.449, n 19, P < 0.054), but there was no indication of any correlation within the control group ( r 0.21, n 15, not significant (Fig. 2) . Plasma retinol (Table I ) and carotenoid concentrations (not shown) were also lower in both groups of malaria patients than their respective controls (R. Singkamani and D. I. Thurnham, unpublished results). Furthermore, plasma retinol concentrations correlated with TRAP values in the malaria patients (r 0.484, n 43, P < 0.001 ; Table 4) but not in the control subjects (r 0.295, n 29, P = 0.12). There was a similar relationship between TRAP values and the non-provitamin A carotenoid lutein, but the results did not reach significance (values not shown). Fig. 3 shows the relationship between retinol and TRAP in the two groups of patients separately.
All cases of malaria were mild and were treated in outpatients with antimalarial drugs. At the time of admission to the study, temperature, parasite count and duration of fever were higher in the village than the urban patients but the difference in parasite counts did not reach significance (Table 5 ). These measurements were compared with TRAP values for the group as a whole and for the village and urban patients separately (Table 4 ). For the group of patients as a whole there were no significant correlations and, within the individual groups, the only consistent relationship was between TRAP and parasite count 
( 1 1 expressed as logarithms to the base,, where there were inverse relationships in both groups of patients. MDA was also consistently inversely related to TRAP in combined village and urban patients (Table 4) . Multiple linear-regression analysis was done on the combined patient and control groups separately to determine to what extent the different experimental results explained the variance in TRAP values. Ascorbate was initially not included in this analysis since the measurements related to the samples at the time of collection and not when TRAP was measured. In both cases, a-tocopherol, retinol, individual carotenoids, urate, proteinsulphydryl, caeruloplasmin and MDA were the factors included in the analysis. In the control group, the total variance explained was 31 % and was mostly explained by urate (25 %, r 0.5, P < 0.02, n 25). In the case of the patients, approximately 40% of the variance in TRAP values could be explained and most of this was attributable to retinol (25Y0, Y 0.49, P < 0.01, n 40) and the remainder to MDA (IS%, r-0.42, P < 0.01). Adding ascorbate into the equation increased the total variance explained to 54 % but the number of subjects was reduced to nineteen. It was previously reported that urate followed by ascorbate explained most of the variance in the malaria patients. However, as the earlier analysis was only done on the nineteen rural malaria patients, it may not be as representative as the values reported in the present paper which analysed both patient groups com bined.
D I S C U S S I O N
The TRAP measurements made in the present study confirmed our earlier observations (Thurnham era!. 1988~) that TRAP was too low to measure in a large number of patients with malaria. This was particularly evident for the samples obtained from the rural malaria patients, but even amongst the urban patients almost 25
Three of the other measurements made gave values which correlated with TRAP values. These were vitamin C, MDA and retinol. The numbers of patients within the two groups were small and unfortunately we do not have measurements for vitamin C in the urban patients. Furthermore, the relationship between vitamin C and TRAP was weak and may therefore be coincidental, but both MDA and retinol related to TRAP in the two groups of patients in the same manner (Table 4) . MDA is a marker of lipid peroxidation (Satoh, 1978) and the inverse relationship seen between MDA (or MDA :cholesterol ratios) and TRAP in both groups of patients suggests that the low TRAP values may be linked in some way with the presence of lipid peroxidation in both groups of malaria patients. In a recent study in Indian children, we also found MDA concentrations were higher in those with malaria than in control children (Das et al. 1990 ). In addition, in the children with malaria, MDA was correlated with riboflavin status, a vitamin that is also believed to exert an antioxidant function by virtue of its coenzyme role in glutathione reductase (NAD(P)H) (EC 1 . 6 . 4 . 2 ) which regenerates reduced glutathione from oxidized glutathione (Das et al. 1988) .
The low concentration of vitamin C in the rural malaria patients may have been due to dietary insufficiency, but plasma vitamin C is often low in infections (Irwin & Hutchins, 1976) and recent studies in vitro by Frei et al. (1988) suggest that low values may be a direct result of the cellular immune response. These workers showed that in plasma exposed to chemically-stimulated mononuclear phagocytes, vitamin C was the first antioxidant to be destroyed. Within the body, vitamin C can in theory be maintained in the reduced form by the shuttle of dehydroascorbate across the erythrocyte membrane for reconversion to ascorbate (Orringer & Roer, 1979) . However, this mechanism may not be able to cope with the level of oxidant stress that occurs in an infection. Alternatively, once blood is removed from the body, oxidant stress may continue but erythrocytes may be depleted of substrate fairly rapidly and be unable to maintain vitamin C in the reduced form. The positive correlation between vitamin C and TRAP (although no vitamin C was present in plasma when TRAP was measured) suggests that both may be affected by factors connected to the same oxidant stress. However, in contrast to vitamin C, the other three components of TRAP capacity do not appear to deteriorate rapidly on storage. None of the urate values in any group was below the reference range for healthy adults (120-420 pmolll). The had very low TRAP values.
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The highest individual values for MDA were obtained in the two groups of patients (Table 2) . However, the median value in the urban control group appeared greater than that found in the urban malaria patients. This was not significant and a possible explanation can be found if one considers the cholesterol values which were highest in the urban control group. Cholesterol is a general indicator of the level of lipid in the circulation (Thurnham et al. 1986 ) and cholesterol and polyunsaturated lipid (PUFA) are the main components of the low-density lipoproteins. PUFA is the substrate required for MDA formation and the amount of peroxidized lipid (the precursor of MDA) formed may be related both to the amount of substrate and to the level of peroxidation. That is, the more lipid, the greater the autocatalytic activity, the longer are the potential chains and the greater the amount of MDA formed. If one controls MDA concentrations for the amount of cholesterol in the plasma, then median MDA:cholesterol ratios are higher in the two patient groups, although the difference between the urban patients and controls was not significant (Table 2) .
Median caeruloplasmin concentrations were significantly higher in the two groups of patients than their respective controls. Caeruloplasmin is an acute-phase protein, and is believed to function as an antioxidant by converting ferrous-Fe to the ferric form which is then less able to catalyse the Fenton reaction (Gutteridge, 1986) . There was no correlation between caeruloplasmin and TRAP concentrations, which probably indicates that the amount of caeruloplasmin was in excess of any free Fe in the malaria plasma and, therefore, not related to any lipid peroxidation taking place. Caeruloplasmin concentrations were highest in the village malaria patients (Table 2 ). There was no difference between the two groups of patients in parasite count but temperature and the duration of illness were slightly greater in the village than the urban patients (Table 5 ). Both the higher temperature and a longer duration of illness may have been due to lower resistance because of malnutrition in the villagers, but both could also have been due to greater difficulties in reaching medical facilities in the rural areas. The higher caeruloplasmin concentrations may indicate more severe disease in the rural patients, but also may simply be a reflection of a higher basal caeruloplasmin level pre-infection, as indicated by the level in the village control group.
The higher caeruloplasmin concentrations in the rural than urban control groups may reflect a higher level of morbidity in the rural population. Poor vitamin A status has been associated with increased levels of morbidity (Sommer et al. 1984) and retinol concentrations were lower in both rural groups than the comparable urban groups (Table  1) . Retinol was also inversely related to caeruloplasmin in both control subjects (Y -0.338, P < 0.1, n 28) and patients (v-0.413, P < 0.01, n 43). There was also a clear association between retinol and TRAP values, although in the urban patients, this only reached borderline significance (Table 4) . Low retinol concentrations in malaria may be linked to the acute-phase response (Thurnham, 1989) as a fall in circulating transthyretin, which binds retinol-binding protein, is an early feature of infection (Smith & Goodman, 1971 ; Fleck & Myers, 1985) . An alternative possibility, however, is that retinol is subjected to oxidant stress and destroyed in the environment where other antioxidants are being consumed. As 30 % (six of twenty) of the retinol concentrations in the rural patients were less than 0.35 pmol/l, indicating severe vitamin A deficiency, it is very important to decide whether the infection is destroying the vitamin or stimulating a redistribution. These observations do not answer this question but do suggest that more lipid peroxidation is occurring in those situations where low retinol concentrations are found. Carotene concentrations showed a similar distribution among the groups to that seen for retinol (R. Singkamani and D. 1. Thurnham, unpublished results) . However, none of the carotenes measured showed any relationship to TRAP values, but this is probably not surprising as carotenes are not believed to function as antioxidants in the relatively high 0, tensions of the plasma (Burton & Ingold, 1984) .
The lower concentration of retinol in the rural malaria patients than any of the other groups may of course genuinely reflect the poor vitamin A status in this group. Plasma concentrations below 0.35 pmol/l suggest very low liver reserves, which would be associated with clinical signs of deficiency. Recent prospective studies by Indian workers, however, suggest that such low values are the consequence of the infection and not the cause, for similar low retinol Concentrations were found in children with measles but these rose to their premeasles level 8 weeks post-infection without any retinol supplementation (Bhaskaram, 1986) . Furthermore, studies by Amatayakul et at. (1989) in a similar rural district in Northern Thailand found no evidence of poor liver vitamin A reserves using the relative dose-response test in spite of circulating retinol concentrations similar to those of the rural control group.
Vitamin C was not present in the samples at the time the measurements of TRAP were made. However, other radical-trapping antioxidants were still present in the plasma and measurable by standard methods, as the TRAPca1' measurements indicated (Table 1) . The discrepancy between calculated and experimental TRAP values implies that total oxidant stress acting on the malaria plasma is greater than the oxidant stress generated by ABAP. However, as we previously described (Thurnham et al. 1988a) , there was again no evidence of any difference in the rate of 0, uptake between cases and controls when all antioxidant had been consumed (values not shown). That is, tHe apparent free radical generation in the 0, electrode is the same for both patient samples and control samples, and plasma from malaria patients does not appear to be adding to the radicals generated by ABAP. However, we now believe that the apparently low radical-trapping activity measured in malaria plasma is at least partly due to a loss of plasma antioxidants after mixing plasma with the LA and before the sample has been injected into the 0, electrode, due to the presence of a pro-oxidant in malaria plasma (D. I. Thurnham, D. Kwiatkowski, A. V. S. Hill and B. M. Greenwood, unpublished results). This pro-oxidant does not appear to influence the levels of a-tocopherol, urate or protein-sulphydryl until the addition in vitro of LA, although the possible effect on vitamin C in vivo or post-phlebotomy cannot be excluded. This recent finding does not detract from the observation that low TRAP values in maiaria plasma are associated with markers of lipid peroxidation in the blood of malaria patients.
In conclusion, we have shown that TRAP measurements were lower in village patients with malaria than in those from an urban area, and that low TRAP values were associated with evidence of lipid peroxidation as indicated by raised median concentrations of MDA relative to cholesterol, Low TRAP values were also associated with poor status of vitamins A and C. Caeruloplasmin was highest in the group with low TRAP values. It did not correlate with TRAP but did correlate with retinol in both control subjects and patients. The lowest a-tocopherol concentrations were also found in the groups with the lowest TRAP results and may be a consequence of lipid peroxidation, but a-tocopherol was nor correlated with TRAP and contributed very little in molar terms to the total TRAP capacity. Tocopherol :cholesterol ratios were not different among the groups, and with the exception of a few results in the rural patients suggested that vitamin E status was adequate. 
